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Patterns of Skin Flowmotion in the Lower Limbs of Patients with
Chronic Critical Limb Ischaemia (CLI) and Oedema
M. D. Anvar∗1,2, H. Z. Khiabani1,2, A. J. Kroese2 and E. Stranden1
Departments of Vascular 1Diagnosis and Research and 2Vascular Surgery, Aker Hospital,
University of Oslo, Norway
Objective: to study flowmotion (FM) in lower limbs with critical limb ischaemia (CLI) and oedema and to elucidate FM
patterns when skin viability is threatened.
Material and methods: fourteen patients with unilateral CLI and oedema and two control groups were included – one
consisting of 10 healthy participants and the other nine patients with unilateral CLI without oedema. Laser Doppler was
used to evaluate the foot skin microcirculation simultaneously at four different areas, with the limbs in supine and
dependent position. FM was expressed using fast Fourier transformation (FFT) as low frequency (LF) and high frequency
(HF) waves and their respective FFT-powers.
Results: all patients with CLI, both with and without oedema, showed HF waves in both diseased and contralateral
limbs. These were absent in healthy controls. There were no regional differences in frequency in the critically ischaemic
feet (with and without oedema) and between ischaemic and their contralateral feet. Changing the position of ischaemic
limbs from supine to dependency had no significant effect on the frequency, while a significant increase of the median
FFT-powers of LF and HF waves at the pulp of the first toe was observed. This manoeuvre resulted in decrease of the
median FFT-powers of LF in healthy controls.
Conclusions: HF waves are associated with CLI. Ischaemia also appears to influence the FFT-power of each frequency
domain. Ischaemic oedema does not seem to affect the pattern of FM in the foot of patients with CLI.
Key Words: Chronic critical limb ischaemia; Ischaemic oedema; Flowmotion; Laser-Doppler fluxmetry.
Introduction of blood perfusion in a tissue. Three frequency com-
ponents of FM can be distinguished: (1) low frequency
Oedema is commonly observed in limbs with critical waves (LF: 1–10 cycles per min), (2) high frequency
waves (HF: 10–25 cycles per min), (3) pulsations relatedlimb ischaemia (CLI) and may be related to the severity
of ischaemia.1–6 to cardiac rhythms.11 Its underlying mechanism is
called vasomotion, and is due to the changes in smoothElectron microscopic studies of skin in patients with
CLI and oedema showed that the arterioles were di- muscle cell tone in the wall of small arteries and
arterioles.12–15 The precise physiology of vasomotion islated. The same study demonstrated an uneven dis-
tribution of erythrocytes in dilated capillaries.2 The not completely understood, but neurogenic, myogenic,
humoral, and metabolic factors may all play a role.16vasodilatation of arterioles may occur as a consequence
of ischaemia per se and a disturbance in the veno- Since oedema probably adds to the severity of CLI,
and FM supposedly promotes homeostasis of thearteriolar reflex (VAR) in the foot of these patients.7–10
The cause of an uneven distribution of erythrocytes microcirculation,17,18 the purpose of the present study
was to elucidate the possible consequences of localin these dilated capillaries is not understood. It might
be related to other regulatory mechanisms which try oedema formation on FM in critically ischaemic skin.
to compensate for the “low flow state” in critically
ischaemic tissue, e.g. “flowmotion”.
Flowmotion (FM) is a rhythmical, cyclic variation
Patients
Fourteen patients with unilateral CLI and oedema
∗ Please address all correspondence to: M. D. Anvar, Department were included.19 There were nine women and five menof Vascular Surgery, Surgical Clinic, Aker Hospital, University of
Oslo, 0514 Oslo, Norway. with a mean age of 77±9.8 years. The control group
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Table 1. Summary of patients’ characteristics and vasoactive med-
ication.
Variable CLI with oedema CLI without oedema
(n=14) (n=9)
Rest pain 14 9
Ischaemic skin ulcer 6 5
Gangrene 8 4
Signs of infection 0 0
Ischaemic heart disease 9 5
Hypertension 9 4
Prior stroke 4 2
Pulmonary disease 1 1
Smoking 13 7
Antiplatelet drugs 10 7
Warfarin 4 2
∗ACE-inhibitors 4 1
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Fig. 1. Schematic illustration of the experimental setup with the
laser Doppler fluxmeter probes attached to the limbs: the pulp of∗Angiotensin Converting Enzyme.
the first toe (Site 1), at the level of the second metatarsal body (Site
2) and at the anterolateral part of ankle (Site 3). A fourth probe was
attached to the first toe of the contralateral limb as a reference. “M”was six women and three men with a mean age of
is a water filled, op en ended manometer line connected to a pressure75±11 with unilateral CLI but without oedema (Table
monitor for recording of variations in foot position.
1).
Patients who previously had undergone vascular blood content of the tissue, degree of oxygenation and
surgery, those with an amputated contralateral limb, skin pigmentation.22 The laser Doppler flux (LDF)
bilateral CLI, clinical signs of congestive heart failure, values, expressed as perfusion units, (PU) were saved
diabetes mellitus, manifest venous insufficiency or by means of a Perisoft acquisition and analysis soft-
lymph oedema were excluded. Smokers had abstained ware program (Perimed AB) in a computer for off-
from smoking since admission to the hospital. line analysis.
Another age-matched control group, 10 healthy vol-
untary subjects, seven women and three men, without
clinical signs of peripheral atherosclerosis and a nor-
mal ankle brachial blood pressure index (ABI) were Recording of foot position
included.
The study was accepted by the Regional Ethical To record alteration in foot position, a water-filled,
Committee of Southern Norway. All patients gave open-ended manometer line connected to a pressure
their written consent. monitor (Pressure Monitor, Stranden) was attached to
the skin at the dorsum of the foot. This device recorded
vertical movements of the foot during the meas-
urements. Changes in pressure indicated variations inMethods
the height of the foot.
Ankle and brachial pressures index (ABI) was meas-
ured with ultrasound Doppler technique.20,21 In the
limbs where Doppler signals were not detected, ankle
Procedurepressure was defined at 15 mmHg.
The laser probes were applied at four different areas
by using a probe holder and double adhesive tape
(Fig. 1): the pulp of the first toe (Site 1), at the level ofLaser Doppler fluxmetry
the second metatarsal body (Site 2), at the anterolateral
part of ankle (Site 3), the pulp of the first toe of theTwo laser Doppler (LD) fluxmeters (Periflux PF 4001
and 4002, Perimed AB Ja¨rfa¨lla, Sweden),22 with two contralateral foot (Site 4).
Measurements were performed after 15 min restingchannels each was used to simultaneously evaluate
the microcirculation at four different areas of the skin. period with the subjects in supine position, in a room
with a temperature between 23–25 °C.The depth of measurement by using PF 4001 and 4002
is approximately 0.5–1 mm, but varies depending on The LDF values were then continuously recorded
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for 3 min, and the mean value of the last 2.5 min during site, and between CLI limbs and the contralateral
limbs, and between the limbs in the control group.that period represented the LDF value for the supine
position. Subsequently, the CLI limb was passively Mann–Whitney and ANOVA tests were used to com-
pare differences in median frequency waves and FFT-lowered by flexion in the knee joint with the three
laser probes still being attached (Fig. 1). The LDF power for both LF waves between limbs with CLI,
with and without oedema, and healthy control group,values were recorded for 3 min and the final 2.5 min
represented the LDF values for the dependent limb. both in horizontal and dependent position. The results
were presented as medians with ranges in parentheses,The limb was lifted up again to the horizontal position
to repeat the same measurements. This procedure was and mean±standard deviation (s.d.), with p<0.05 as
the level of statistical significance. GraphPad Prismrepeated three times for each patient with a total
sampling time of more than 18 min for each participant. 3.0 was used for analysis and presentation of data
(GraphPad Software, Inc., San Diego, CA, U.S.A.,
www.graphpad.com).
Data analysis
The laser Doppler (LD) signal was transformed to a Results
frequency domain by fast Fourier transformation (FFT,
Perisoft for Windows ver. 1.19, Perimed AB, Ja¨rfa¨lla, There was no statistically significantly difference in
Sweden).22 The software allowed changes in time scale mean ankle brachial index (ABI) and ankle systolic
(x-axis) and signal amplification (y-axis) to facilitate pressure (ASP) between the critically ischaemic limbs
the analyses. with (0.19±0.13 with a mean ASP of 28±18 mmHg)
Various physiological activities which occur in time and without oedema (0.27±0.14, and 35±20, both
(“attractors”), such as cardiac activity, respiration, and p>0.05). In the healthy control group, mean ABI was
variations in the microcirculation caused by neuronal 0.94±0.28 with a mean ASP of 121±49 mmHg. In
or myogenic activity, may be represented in different seven of 14 limbs with CLI and oedema and three of
frequency regions following the FFT. The results of nine limbs with CLI and without oedema ultrasound
FFT are expressed as frequency (cycles per second) of Doppler signals could not be detected, and blood
the attractors and FFT-power (“intensity”, arbitrary pressure at the ankle was defined at 15 mmHg.
units, Fig. 2) of each of the frequency regions.23,24 There In patients with CLI with and without oedema, three
is a positive correlation between the derived FFT- distinct frequency domains were detected and are
power in both LF and HF regions and skin perfusion denoted respectively as low frequency (LF) waves,
(LD) at the different measuring sites. A high power high frequency (HF) waves, and cardiac activity re-
indicates that a specific frequency occurs regularly lated, i.e. heart rate (HR) waves, while high frequency
with a LD signal well above the noise level, and acts (HF) waves were absent in the healthy control group
as a “quality-parameter”. in all measured sites.
Leg and foot volume measurements
Low frequency (LF) waves
The distal leg and foot volumes were measured by
With the limbs in horizontal position, there were nousing water displacement volumetry (WDV) as pre-
significant differences in median frequency of LFviously described in detail.3 The differences in distal
waves between the patients with CLI or betweenleg and foot volume between the two limbs were
patients, and the healthy control group. There werecalculated.
no significant differences in median frequency of LF
waves between the limbs within each of these groups
either (Fig. 3).
Altering the position of the ischaemic limbs fromStatistics
horizontal to dependency did not significantly change
the median frequency of LF waves in any of the threeWilcoxon matched-pairs signed-ranks test was used
for comparing changes in ABI, ASP, median frequency groups (Fig. 3).
The changes in position resulted, however, in awaves and FFT-power for both LF and HF waves
between horizontal and dependent position in each significant increase of the median FFT-power of LF
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Fig. 2. (A) A sample of recorded laser Doppler flux (LDF) with the limb in horizontal and dependent position in a healthy control
participant. In the panel at the top a portion of the curve is expanded to better distinguish fluctuations caused by cardiac activity from
flowmotion. (B) A 3D plot of spectrum analysis by fast Fourier transformation (FFT) in the same temporal selection of the curve is shown
in the respective time and frequency domains. Pr: manometer line pressure, PU: perfusion unites.
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Fig. 3. Laser Doppler measurements of low frequency (LF) frequency waves with the limb in the horizontal and dependent position in
healthy controls, CLI without oedema and CLI with oedema. There were three measuring sites: the pulp of the first toe (Site 1), at the
level of the second metatarsal body (Site 2) and the anterolateral part of the ankle (Site 3). Frequencies are expressed in cycles/min,
including FFT-power of each of the frequency regions. Both values are given as medians and range.
[0.12 (0.015–3.3) vs. 0.82 (0.06–5.1), p<0.005] at the pulp High frequency (HF) waves
of the first toe (Site 1) in the ischaemic limbs while
unchanged in the other two sites (Fig. 3). In healthy All patients with CLI, (with and without oedema)
showed HF waves in both diseased and contralateralcontrols this manoeuvre resulted in a decrease of the
median FFT-power of LF in all three sites; site 1 [5.9 limbs, while HF waves were absent in the healthy
control group.(0.8–11.1) vs. 3.7 (0.48–9.0), p<0.03], site 2 [1.8 (1.1–4.4)
vs. 0.8 (0.25–3.5), p<0.002], site 3 [1.4 (0.8–2.9) vs. 0.6 With the limbs in horizontal position, there were
no significant differences in median HF waves(0.24–3.1), p<0.006].
The median FFT-power of LF of ischaemic limbs in between the ischaemic limbs and the contralateral
side. Altering the position of the CLI limbs fromsite 1, 0.12 (0.015–3.3, Fig. 3), with the limbs in ho-
rizontal position was significantly lower than both the horizontal to dependency did not significantly change
the median frequency of HF waves in the CLI feetcontralateral limbs 3.8 (0.34–8.15), p<0.001 and healthy
control limbs, 5.9 (0.8–11.1), (p<0.0001) (Fig. 4). (Fig. 5).
Eur J Vasc Endovasc Surg Vol 20, December 2000
Patterns of Skin Flowmotion in the Lower Limbs 541
00 543218 6 4 210
Power Frequency
(cycles/min.)
CLI patients with oedema
CLI patients without oedema
Healthy controls
Contralateral limbs (Site 4) of:
H
ig
h
fre
qu
en
cy
Lo
w
fre
qu
en
cy
00 20161284.8 .6 .4 .21.0
Power Frequency
(cycles/min.)
Fig. 4. Laser Doppler measurements of low frequency (LF) and high frequency (HF) frequency waves of the contralateral limbs (Site 4)
of the ischaemic limbs, with and without oedema, in the horizontal position. None of the healthy control limbs showed HF-waves.
Frequencies are expressed in cycles/min, including FFT-power of each of the frequency regions. Both values are given as medians and
range.
By lowering the ischaemic limbs the median FFT- hand, we did not find any significant differences be-
tween the limbs with CLI and without oedema andpower of HF increased only at the pulp of the first
toe in both patients groups 0.08 (0.02–0.38) vs. 0.39 contralateral sides measured by WDV.
(0.09–1.45), (p<0.001) (Fig. 5).
The median FFT-power of HF in the ischaemic limbs
were significantly lower than the contralateral limbs Discussion
[0.06 (0.01–0.12) vs. 0.2 (0.06–1.6), p<0.01)].
The LF waves were as frequently observed in ischaemic
as in healthy feet. However, HF waves were exclusively
seen in the patients with CLI. This finding is in ac-Heart rate (HR) waves
cordance with a previous study and indicates that the
prevalence of HF waves is associated with a certainThe median rate of heart waves in patients with CLI
degree of ischaemia.25 This interpretation is supportedand oedema was 72 (58–81), and without oedema 74
by the observation that the number of HF waves(58–84). In the supine position, HR waves were present
decreases after successful angioplasty for severe isch-in all contralateral sites i.e. site 4, in 50% of site 3 but
aemia.26 Several investigators have reported that LFnot detected in the analysis of sites 1 and 2 in all CLI
waves are associated with diameter changes in largerlimbs both with and without oedema. Lowering the
arterioles, and HF waves with diameter changes ofischaemic foot resulted in appearance of HR waves in
terminal arterioles.16,27 Morphological studies by trans-all sites. All subjects in the control group showed
mission electron microscopy have recently dem-heart pulsatile flux with the limbs both in supine and
onstrated dilated terminal skin arterioles in the feet ofdependent position at all measured sites with a median
patients with CLI and oedema.2 However, it is a matterfrequency of 68 (48–75) (Fig. 2).
of speculation whether these findings are related to
the occurrence of HF waves. Besides, it is not known
how HF waves may contribute in compensating for
the drastically decreased blood flow in CLI limbs.Leg volume
There were no significant differences in occurrence
of LF or HF waves between ischaemic limbs with andThere was a mean leg–foot volume difference of
11±7% between limbs with CLI and oedema and without oedema and between the contralateral feet.
Thus, it seems that ischaemic oedema formation doescontralateral sides measured by WDV. On the other
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Fig. 5. Laser Doppler measurements of high frequency (HF) frequency waves with the limb in the horizontal and dependent position in
patients with CLI without oedema and CLI with oedema. There were three measuring sites: the pulp of the first toe (Site 1), at the level
of the second metatarsal body (Site 2) and the anterolateral part of the ankle (Site 3). Frequencies are expressed in cycles/min, including
FFT-power of each of the frequency regions. Both values are given as medians and range.
not affect the manifestation of LF and HF waves. The There was a positive correlation between the FFT-
power and perfusion as measured by LDF, in allranges for both LF and HF waves in the present study
are comparable with findings of previous studies.11,26 frequency domains. The power of LF waves was three
times greater in the contralateral and five times greaterThe cause and effect of LF and HF waves are still
unknown. Both central and local nervous regulation in the healthy control limbs, compared to the ischaemic
limbs. Therefore, it seems that the intensity of flow-may play a role.18 The central sympathetic nervous
activity promotes homeostasis of blood pressure by motion curves, as indicated by the FFT-power, is re-
lated to the severity of ischaemia. A decrease of FFT-constricting the arterioles, a local regulating system
maintains blood perfusion of tissues by dilatating the power probably varies in parallel with a reduced
perfusion of the microcirculation in a certain area.arterioles. However, we found in this study that the
distribution of the frequency waves is almost constant Again, exactly how this effect could contribute to
maintain homeostasis in ischaemic tissue is still un-in different ischaemic areas of the foot. Furthermore,
there was no difference in the frequency of LF and clear.
Although there were no regional differences in LFHF waves in the ischaemic limbs and the contralateral
sides. These findings may indicate the superimposition or HF waves in the ischaemic feet, either with or
without oedema, there were regional differences inof a local metabolic vasodilatory effect of hypoxia on
centrally controlled vasoconstriction. the FFT-power for both LF and HF waves in the
Eur J Vasc Endovasc Surg Vol 20, December 2000
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